Abstract Cognitive decline is a common problem of aging. Whereas multiple neural and glial mechanisms may account for these declines, microglial sensitization and/or dystrophy has emerged as a leading culprit in brain aging and dysfunction. However, glial activation is consistently observed in normal brain aging as well, independent of frank neuroinflammation or functional impairment. Such variability suggests the existence of additional vulnerability factors that can impact neuronal-glial interactions and thus overall brain and cognitive health. The goal of this review is to elucidate our working hypothesis that an individual's risk or resilience to neuroinflammatory disorders and poor cognitive aging may critically depend on their early life experience, which can change immune reactivity within the brain for the remainder of the lifespan. For instance, early-life infection in rats can profoundly disrupt memory function in young adulthood, as well as accelerate age-related cognitive decline, both of which are linked to enduring changes in glial function that occur in response to the initial infection. We discuss these findings within the context of the growing literature on the role of immune molecules and neuroimmune crosstalk in normal brain development. We highlight the intrinsic factors (e.g., chemokines, hormones) that regulate microglial development and their colonization of the embryonic and postnatal brain, and the capacity for disruption or "re-programming" of this crucial process by external events (e.g., stress, infection).
Introduction
Cognitive decline is one of the primary disabilities of aging. However, some individuals age more successfully than others; e.g., only a subset of the population develops dementias such as Alzheimer's disease (AD), and the risk factors are poorly defined. Neuroinflammation is strongly associated with AD, and is suspected in conditions as diverse as Parkinson's disease, schizophrenia, and depression-notably, all conditions that have not historically been considered "inflammatory" (Streit et al. 2004 ). Inflammation in the periphery typically occurs as an acute response to injury, with a critical repair role and a clear resolution, whereas neuroinflammation is largely synonymous in the literature with chronic glial activation (microglia and astrocytes) and exaggerated expression of proinflammatory mediators within the CNS (e.g., cytokines, reactive oxygen species) (Streit 2010) . However, whether neuroinflammation is a cause or a consequence of neural dysfunction remains unknown in the midst of conditions that may involve repeated cycles of injury and response extending well beyond their initial origin. Similarly, whether inflammatory processes (and microglial activation in particular) are ultimately helpful or harmful remains subject to intense debate; this is especially the case for AD see (Streit 2010) .
Notably, changes in glial morphology, surface marker expression, and function are consistently observed in the normal aging brain in rodent models, including upregulation of major histocompatibility (MHC) II and CD11b on microglia, astrogliosis, and increased expression of central pro-inflammatory cytokines following immune challenge compared to young brains Frank et al. 2006; Godbout and Johnson 2009; Bilbo 2010; Lynch 2010) . Thus, the factors that create a transition from normal age-related glial alterations to frank pathology (e.g., in disorders like AD) remain unclear.
The goal of this review is to elucidate our working hypothesis that an individual's risk or resilience to neuroinflammatory disorders, cognitive dysfunction, and poor cognitive aging may critically depend on their early life experience, which can change immune reactivity within the brain for the remainder of the lifespan. Diverse early-life events, such as infection, stress, nutrition, or maternal care, can impact the normal course of immune and brain development, and thereby permanently alter adult cognition and mood. Research on "developmental programming" has thus begun to provide valuable insight into the origins of neuropsychiatric diseases that exhibit a broad spectrum of prevalence and severity (Bennet and Gunn 2006) . For instance, we have demonstrated that early-life infection in rats can profoundly disrupt memory function later in life. However, memory deficits remain latent throughout young adulthood, and only emerge if 'unmasked' by a subsequent inflammatory challenge (a "second hit") around the time of learning, implying a long-term change within the immune system that acutely impacts the neural processes underlying memory (Bilbo et al. 2005a (Bilbo et al. , b, 2006 (Bilbo et al. , 2008 Bilbo and Schwarz 2009 ). Moreover, these same animals exhibit accelerated cognitive decline with age, independent of acute immune challenge, a change that is linked to exaggerated aging-related glial activation (Bilbo 2010) . Thus, aging itself, and its impact on glial reactivity, acts as a "second hit" only in rats made vulnerable by infection early in life.
We discuss these findings within the context of the growing literature on the role of neuroimmune communication in both normal and pathological brain development, the role of cytokines in cognition and plasticity, including critical stages of development juxtaposed with aging, and the capacity for early-life events to program mental health throughout the lifespan. We focus primarily on the role of microglia as the major immune cells of the brain.
The immune system is a regulator of neural and cognitive function
Immune-CNS communication Beyond its traditional role in host defense and tissue repair, the immune system is now considered a diffuse sensory organ that works in concert with the endocrine and nervous systems to achieve and maintain homeostasis throughout the body (Husband 1995; Vitkovic et al. 2000) . Immunocompetent cells are located throughout every organ of the body, including the brain, and regular communication occurs between the CNS and immune tissues during both health and disease processes, via several pathways: 1) the hormones of the hypothalamicpituitary-adrenal (HPA) axis (e.g., glucocorticoids), for which immune cells have receptors, 2) the autonomic nervous system which innervates lymphoid tissues (e.g., vagus nerve), 3) circulating peripheral immune cells (e.g., CD4+ T cells) that can enter the CNS and interact with resident immune cells (microglia), and 4) the release of cytokines and chemokines by both peripheral and CNS immune cells, as well as other "non-immune" tissues (e.g., liver, adipose), which can have autocrine, paracrine, and endocrine functions. Many excellent reviews have been written on these topics (Maier and Watkins 1998; Mignini et al. 2003; Wrona 2006; Dantzer and Kelley 2007) . Importantly, bidirectional communication between the brain and immune system has significant consequences for plasticity mechanisms within the brain, including cognition, which is the focus of this review.
Cytokines and cognition Cytokines are increasingly implicated in synaptic plasticity mechanisms important for cognition (McAfoose and Baune 2009) . Tumor necrosis factor (TNF)-α is important for activity-dependent synaptic scaling within the hippocampus (Beattie et al. 2002; Stellwagen and Malenka 2006) . Moreover, TNFα, as well as multiple interleukins [IL] (e.g., IL-6, IL-1, IL-10) and prostaglandins can markedly impact cognitive function, primarily memory (reviewed in Yirmiya and Goshen 2011) . One of the more surprising developments in this field within the last several years is compelling evidence that CD4+ T cells that specifically recognize CNS self-antigens are important for healthy brain plasticity, including neurogenesis and learning & memory, via interactions with meningeal myeloid cells and the production of IL-4 (Ziv et al. 2006; Derecki et al. 2010; Schwartz and Kipnis 2010) . Notably, in each of these literatures there exists a role for cytokines in the mechanisms underlying not only impairment in the midst of pathology, but also normal, healthy cognition. Perhaps the largest amount of research in this area has been done on IL-1β. For instance, IL-1β mRNA is induced within the hippocampus (HP) in response to learning (Abraham and Williams 2003; Goshen et al. 2007) , and is required for the maintenance of HP longterm potentiation (LTP) (Ross et al. 2003; Spulber et al. 2009 ). Moreover, mice lacking IL-1β or its type 1 receptor, and those with overexpression of the endogenous IL-1 receptor antagonist (IL-1ra), exhibit markedly impaired HPdependent learning and memory (Goshen et al. 2007; Spulber et al. 2009 ). In contrast to IL-1β in the healthy brain, patients with AD, AIDS-related dementia, or chronic inflammatory diseases often exhibit exaggerated levels of IL-1β within the CNS along with cognitive impairment (Gallo et al. 1989; Griffin et al. 1989; Stanley et al. 1994; Meyers 2000) . Similarly, peripheral high dose lipopolysaccharide (LPS) injection in rodents interferes with HP LTP in vivo, and this effect depends upon increased IL-1β (Vereker et al. 2000) . Finally, rats injected with high dose IL-1β directly into the dorsal HP also display memory impairments (Pugh et al. 1999; Barrientos et al. 2002) . Thus, increasing evidence suggests an inverted "U" function for IL-1β and cognition, in which physiological, mid-range levels are necessary for normal learning & memory, whereas concentrations that are either too low or too high impair memory (Goshen et al. 2007 ). We believe this point is key-it is because cytokines are important for normal brain function that their dysregulation is pivotal in dysfunction.
Adult neurogenesis Immune factors influence several aspects of adult neurogenesis, including progenitor cell proliferation, differentiation, and survival reviewed in (Carpentier and Palmer 2009; McAfoose and Baune 2009) , again during homeostasis as well as pathology, though the latter has been much better defined. The dentate gyrus (DG) of the HP is one of only two brain regions in which adult neurogenesis is known to consistently occur in mammals, including humans. Adult DG neurogenesis may be important for learning and memory, and deficits are linked to a number of mental illnesses (Zhao et al. 2006) . The majority of newborn neurons within the adult DG undergo programmed cell death within the first 4 days, and microglia play a critical role in this homeostatic process via phagocytosis of dying cells (Sierra et al. 2010) . Inflammation can have multiple impacts on neurogenesis; in general, low levels of inflammation induce growth factors and cell survival, whereas moderate-to-high levels are either profoundly suppressive or aberrantly proliferative (reviewed in Whitney et al. 2009 ). There is also evidence that inflammation can influence the function of newborn cells, which may be more important than a change in the number of cells. For instance, intrahippocampal LPS injection in adult rats does not influence the number or survival of new neurons, but does alter the likelihood that the new cells respond to excitatory input (Jakubs et al. 2008) .
There is a growing literature on the role of chemokines (chemotactic cytokines) in stem cell migration and maturation within the adult brain as well (reviewed in Miller et al. 2008) . Chemokines are a family of small cytokines involved in cellular migration as well as intercellular communication more generally. In fact, these molecules have recently been suggested as the third major medium for communication within the brain, alongside neurotransmitters and neuropeptides (Adler et al. 2005) . Although their role in development is much better known, chemokines such as monocyte chemoattractant protein (MCP)-1 mediate neural stem cell migration to areas of adult brain injury (Widera et al. 2004) , and neural stem cells continue to express receptors for MCP-1 throughout life (Tran and Miller 2003) , suggesting a physiological role in non-injury neurogenesis as well.
Interestingly, neural stem cells in the adult mouse DG also express toll-like-receptors (TLRs), innate pattern recognition receptors present on most immune cells including microglia (Akira and Takeda 2004) . In vitro studies suggest TLR2 and 4 are important for stem cell fate determination, and mice lacking TLR2 exhibit impaired neurogenesis, whereas mice lacking TLR4 exhibit enhanced neurogenesis (Rolls et al. 2007) . These data are especially intriguing given that the Toll family of receptors were initially characterized in Drosophila for their role in embryonic neural patterning, but are inseparable from the immune system in mammals (Anderson et al. 1985) .
Glia and plasticity Microglia are the primary immunocompetent cells of the brain. However, astrocytes are the largest glial cell population within the brain, and their role in synaptic plasticity mechanisms is now well accepted (reviewed in Eroglu and Barres 2010) . In the adult brain, astrocytes are physically and functionally appositioned with most synapses, known as the "tripartite synapse" (Araque et al. 1999) . Astrocytes contain most neurotransmitter receptors, allowing them to perceive and respond to synaptic activity (Haydon and Carmignoto 2006) . Astrocytes also produce the TNFα that mediates synaptic scaling following prolonged periods of inactivity within the HP (Beattie et al. 2002; Stellwagen and Malenka 2006) . D-serine release from astrocytes is necessary for HP LTP (Yang et al. 2003; Henneberger et al. 2010) . Importantly, a recent report showed that IL-1 type 1 receptor expression in astrocytes is also necessary for HP-dependent LTP and long-term memory (Ben Menachem-Zidon et al. 2011) .
Increasing evidence suggests a role for microglia in normal synaptic plasticity mechanisms within the adult brain as well, including interactions with extracellular matrix composition and geometry, and dendritic spine remodeling and elimination (Tremblay and Majewska 2011) . These cells are very dynamic, even when resting (Nimmerjahn et al. 2005) , and continually survey their microenvironments by extending and contracting processes into nearby synapses, with a frequency that is activitydependent (Wake et al. 2009; Tremblay et al. 2010) . For instance, they sample individual synapses more frequently following visual stimulation, or in response to injury, and are likely responsible for synapse removal via phagocytosis (Tremblay et al. 2010) . Microglia have receptors for multiple neurotransmitters and neuromodulators, including those important for learning and memory (e.g., ATP, norepinephrine, glutamate) (Pocock and Kettenmann 2007) , suggesting a rapid and direct role for these cells in normal cognition, similar to astrocytes, though this remains to be demonstrated.
The immune system is a regulator of brain development
The immune system is critical for normal brain development. A novel role for major histocompatibility class (MHC) I proteins in activity-dependent synapse formation within the visual cortex was identified over a decade ago (Corriveau et al. 1998) , and a role for complement proteins in developmental synapse elimination was described several years later (Stevens et al. 2007) , two pivotal findings that fundamentally changed the concept of "immune privilege" within the healthy brain (reviewed in Garay and McAllister 2010) .
Cytokines and neurodevelopment A large number of chemokines and cytokines have now been characterized for their importance in neural induction, neuronal and glial cell migration, proliferation, differentiation, and synaptic maturation and pruning (reviewed in Deverman and Patterson 2009) . These include members of the gp130, bone morphogenetic protein (BMP), and transforming growth factor beta (TGFβ) superfamilies, as well as many traditionally defined "pro-inflammatory" cytokines (e.g., IL-1β, TNFα) (Merrill 1992) . Notably, discrete time dependence and regional specificity has been demonstrated for different cytokines during brain development, suggesting physiological roles for these cytokines in the growth and organization of specific brain circuits. For instance, IL-1β is mitogenic for astrocytes and is expressed at high levels throughout the late prenatal/early postnatal HP and cortex, but at very low (constitutive) levels in the adult rodent (Giulian et al. 1988; Schmitz and Chew 2008) . Both IL-1β and TNFα are present early in the developing sheep brain, declining by birth and peaking again around the time of synaptogenesis (Dziegielewska et al. 2000) . IL-6 is important for numerous developmental processes, including fetal growth at the maternal-placental-fetal interface (Hsiao and Patterson 2011) , and prenatal CNS vascular development (Fee et al. 2000) , and increases markedly in striatum throughout development, suggesting a neurotrophic role within this region (Gadient and Otten 1994) .
In contrast to physiological levels, elevated proinflammatory cytokines in the amniotic fluid and/or neonatal blood stream are cited as a primary predictor of adverse long-term outcomes in children (Cai et al. 2000; Urakubo et al. 2001; Pang et al. 2003; Richardson-Burns and Tyler 2004; Yu et al. 2004; Meyer et al. 2006 ). Concentrations of IL-1β, IL-6, and TNF are elevated in infants with severe perinatal complications (Miller et al. 1990) , and children with bacterial meningitis have elevated levels of IL-1β that strongly correlate with the occurrence of neurological disorders (Miller et al. 1990 ). Increased levels of IL-6 in amniotic fluid have also been a clinically useful marker of increased risk for neurological disorders and morbidity (Yoon et al. 1995) . Finally, a critical role for IL-6 in altering fetal-placental growth and in long-term changes in offspring brain development and behavior has also been demonstrated in a mouse model of maternal infection Hsiao and Patterson 2011) .
Role of glia Glial cells direct normal brain development. Oligodendrocytes myelinate axons primarily during the postnatal period, and disruption of their function can be profoundly debilitating as in the case of periventricular leukomalacia leading to cerebral palsy (Bell and Hallenbeck 2002) . Astrocytes mediate synapse formation within the developing brain (Ullian et al. 2001) , in part via the secretion of extracellular matrix proteins called thrombospondins (TSPs) (Christopherson et al. 2005; Eroglu et al. 2009 ). Alterations in spine density via a putative TSP mechanism are implicated in neurodevelopmental disorders such as Down's and Rett Syndrome (Garcia et al. 2010) . Notably, astrocyte maturation marks the end of the perinatal synaptogenic period when the brain is most plastic (Muller and Best 1989) .
Important for this review is that the expression of many cytokines within the developing brain, including IL-1β and TGFβ, depends on the presence of amoeboid microglia (Giulian et al. 1988) . Early in development, microglia are highly mobile and primarily amoeboid, consistent with their role in the phagocytosis of apoptotic cells (Rezaie and Male 2002) . They gradually transform into a highly branched, ramified morphology by adulthood in most brain regions. This morphological transition occurs in parallel with neural cell genesis and migration, synaptogenesis, and synaptic pruning, suggesting functions for microglia in each of these processes ( Fig. 1 ), though these are just beginning to be explored (Rakic and Zecevic 2000; Streit 2001; Garden and Moller 2006) .
Developmental origins of health and disease
The role of early-life events that specifically impact immune factors in long-term synaptic plasticity, and in neural and glial cell genesis, connectivity, and function within the adult and aging brain has been relatively unexplored. However, developmental or "fetal programming" is an area of significant interest, based on evidence that experiences during critical or sensitive periods of perinatal life may modulate or "program" the normal course of development, with the result that adult outcomes, including cognition, are significantly and often permanently altered (Bennet and Gunn 2006) . Notably, there is strong evidence that early-life infection can permanently alter stress reactivity, disease susceptibility, and notably, vulnerability to cognitive and neuropsychiatric disorders, including AD, Parkinson's disease, schizophrenia, and autism (Rantakallio et al. 1997; Hornig et al. 1999; Nelson and Willoughby 2000; Fig. 1 Developing microglia participate in many processes of neural development. Timeline representation of microglial development (upper panel of timeline) juxtaposed with known processes of neurodevelopment (lower panel). Microglia are derived from primitive macrophages that originate within the yolk sac, enter the neuroectoderm during embryogenesis, and begin to colonize the parenchyma around embryonic day (E)12-14 (Ginhoux et al. 2010) . During the early postnatal period (P4) several chemokines, cytokines, and receptors are severalfold higher than at P60 (e.g., CCL12, CCL3, CXCL6); these may be involved in the ongoing recruitment of microglia into the neural tissue, among other functions (Schwarz and Bilbo, unpublished) . In the adult (P60), the pattern of chemokine expression changes, with significant upregulation of different factors (e.g., C3, CX3CL1) (Schwarz and Bilbo, unpublished) . CX3CL1 (fractalkine) is expressed by neurons and tonically inhibits microglia (Harrison et al. 1998) ; thus, its upregulation over the course of development may be important for shifting the morphology and function of microglia into their mature, ramified state in adulthood. In parallel with the colonization of microglia, progenitor cells in situ undergo proliferation and differentiate into neurons and glia, a process dependent upon local factors or intrinsic signals. Bone morphogenic protein (BMP)/TGFβ and interleukin (IL)-1, both released from developing microglia (Deverman and Patterson 2009) , are known mediators of these processes. As microglia continue to develop, they produce cytokines (including IL-1β, Tumor Necrosis Factor (TNF) α, and IL-11) that are important for ongoing neurogenesis within the developing brain; they also produce chemokines (CXCL12 and its receptor CXCR4) that guide the axons of new neurons via chemoattraction toward their new synaptic targets (Lu et al. 2002; Lieberam et al. 2005) . At the level of the synapse, major histocompatability complex (MHC) I and TNFα are important for strengthening new synaptic connections within the brain (Corriveau et al. 1998; Santello et al. 2011) . Finally, in the later stages of neurodevelopment, abundant or inappropriate synaptic connections are eliminated (synaptic pruning) and phagocytosed by microglia. Immune proteins such as complement component (C)1q and C3 tag synapses for elimination during this process (Stevens et al. 2007 ). These timelines are broadly representative of the pattern in both males and females, though there are sex differences in relative glial density at distinct stages (see Figure 3 ) Shi et al. 2003) . We have recently reviewed this literature (Bilbo and Schwarz 2009) .
Given the many ways in which the immune system is important for normal brain development, the capacity for immune-inducing events to influence the long-term trajectory and function of these processes is likely profound, perhaps more so than at any other stage of life (Rice and Barone 2000) . The long-term impact of any early-life immune-activating stimulus on long-term function likely depends on several factors. These factors include timing relative to neural development, whether the insult occurs pre-vs. postnatally (the former of which may incorporate maternal and placental immune factors), the specific nature of the insult and pattern of cytokine expression (including activation of distinct TLRs and their downstream signaling pathways), and notably, the capacity to alter glial colonization or function long-term, which we highlight in the following sections.
Microglial colonization of the developing brain Microglia derive from primitive yolk sac macrophage precursors, which are of mesodermal origin and enter the neuroectoderm during embryogenesis, a founding colony of which proliferates to populate the entire developing parenchyma (Ginhoux et al. 2010) . Little is known about the mechanisms underlying their initial recruitment into and throughout the white and gray matter, though MCP-1 and intercellular cell adhesion molecule (ICAM)-2 may play a role, in addition to signals released as a consequence of synapse formation and programmed cell death (Rezaie and Male 1999) . Moreover, a recent report shows that mice lacking the receptor for colony-stimulating factor (CSF)-1 do not develop microglia (Ginhoux et al. 2010 ). This same report demonstrates that adult microglia in normal mice arise exclusively from the founding population of primitive macrophages, with little or no contribution from peripheral bone marrow-derived myeloid precursors after initial colonization and proliferation during development (in the absence of trauma) (Ginhoux et al. 2010) . These data address a critical issue, as they illustrate that resident microglia are maintained potentially throughout life, in stark contrast to peripheral macrophages that have a high rate of turn over.
Regional differences Similar to other developmental events (e.g., myelination and synaptogenesis), microglia colonize different brain regions at remarkably different rates. In our studies the hippocampus, amygdala, and cortex, regions important for cognition and emotion, are among the first to be populated by glia in the rat (~embryonic day 17), whereas the paraventricular nucleus of the hypothalamus is not colonized until~postnatal day [P]1-4, a considerable time frame in the developing rodent brain (Fig. 2 ). Yet other regions including the striatum exhibit a sparse glial density early in development, with an increase in density much later around the juvenile period within the rodent brain (not shown, Schwarz et al., submitted data) . Microglial colonization of the human brain shows similar regional differences, albeit with a longer time course, increasing in white matter and in areas surrounding blood vessels within the 2 nd trimester (primarily amoeboid), with differentiation into gray matter occurring throughout the 3 rd trimester and postnatally (Rezaie and Male 2002) . Notably, environmental factors can alter the colonization rate and density of microglia. For instance, prenatal stress accelerates the colonization of microglia into the CNS, such that the total number of ramified microglia is greater in the early postnatal brain compared to non-stressed controls (Gomez-Gonzalez and Escobar 2010). Because amoeboid microglia may be important for synaptic pruning, engulfment of apoptotic cells, and other processes, a change in the number of infiltrating cells, or an accelerated progression of these cells from amoeboid to ramified may have a profound impact on neural development.
Sex differences There is also a striking sex difference in the time course of microglial colonization in the rat brain (Fig. 3) , which may be informative in the context of the well-known sex bias in the presentation of many developmental and neuropsychiatric disorders. While the time course outlined in the previous section on regional differences holds true for both sexes, we have recently determined in rodents that glial numbers are several-fold higher in males than females during the early postnatal period (P4), suggesting that males may be more sensitive than females to an earlylife immune challenge. In support of this hypothesis, the presentation and diagnosis of many early-onset neurodevelopmental disorders in humans (e.g., autism, ADHD) is higher in boys than in girls (Taylor and Rutter 1985) . Notably the sex difference only emerges after the prenatal spike in testosterone that occurs around E18. In contrast, females are more vulnerable to conditions that often emerge during adolescence, including depression, anxiety, and eating disorders (Taylor and Rutter 1985) . Intriguingly, we have also found that the sex difference in microglial number reverses at the time of adolescence and is maintained into adulthood, suggesting that females are more sensitive to immune dysregulation and thus cognitive dysfunction during this time than males (Schwarz et al., submitted data) .
Early-life infection alters glial and cognitive function for life
Infections are thought to contribute to 40% of pre-term births, and up to 70% of very pre-term births (Greene et al. 2008 ), for which incidences are increasing by 10% every decade (March of Dimes). A significant proportion of children also experience infections during the neonatal or early childhood years when neural circuits are still developing. Of these, bacterial infections represent the number one cause of infections worldwide (Osrin et al. 2004; Skogstrand et al. 2008) . Major recent advances in maternal and perinatal medicine have greatly increased survival rates among these populations in developed countries. However, it remains to be determined what the total impact of infection or other types of inflammatory events during the perinatal period may have on subsequent physiology and behavior in individuals. The bulk of evidence from the animal literature suggests that regions important for cognition (i.e., HP and cortex) may be especially vulnerable to early-life disruption by immune activation (Table 1 ). The human literature supports this as well, as cognitive impairment, including learning, memory, and attention disorders, is one of the most consistent consequences of preterm birth, perinatal infection, or other complications such as trauma (Isaacs et al. 2000; Msall 2004; Aylward 2005; Rose et al. 2005a, b; Eriksen et al. 2009 ).
Alterations in neurogenesis, migration, axon growth, myelination, synaptogenesis, and dendritic spine density/ function are all candidate mechanisms for inducing longterm changes in cognition (see Table 1 ). However, we believe the long lifespan of microglia and their pattern of Fig. 2 Colonization of the developing brain by microglia. On the day of birth (first column), microglia first appear within the brain around the hippocampus (top row), cortex (second row), and amygdala (third row). By P4 (second column), microglia have begun to enter hypothalamic nuclei such as the paraventricular nucleus (fourth row), and density begins to peak in hippocampus. At P0 and P4, microglial morphology is either amoeboid or round with short, stout processes (best seen above in the cortex at P0 and P4). By P30 (third column) and P60 (fourth column) microglia reside in most brain regions (including striatum and others not shown here). At P30, many microglia still have a relatively immature morphology. Specifically, microglia at this time have thicker, longer processes than microglia at P60. By P60, microglia have matured and are maintained in the healthy brain in a ramified state characterized by thin, long processes. This timeline is broadly representative of the pattern in both males and females, though there are sex differences in relative glial density at distinct stages (see Fig. 3 ). (Scale bar = 500 μm and applies to all) CNS colonization during development also has particular significance for the fields of developmental programming and neuroinflammation, as diverse early-life events may exert enduring impacts on the brain and behavior of organisms via an influence on these resident immune cells, both by impacting their own intrinsic function as well as their interactions with ongoing developmental processes. In order to explore these questions, we developed a model of early-life infection in rats that enables the assessment of acute and long-term impacts on brain, neuroimmune function, and behavior.
Early-life infection affects adult learning and memory In this model, male rats are injected subcutaneously on P4, a developmental time point comparable to the early 3 rd trimester in humans, with either PBS or a non-lethal dose of live Escherichia coli. When tested for memory as adults, rats infected neonatally with E. coli exhibit profound Fig. 3 The density and morphology of microglia within cognitive regions of the brain are significantly affected by sex and age. At embryonic day 17 (Prenatal; first column from left), males (top row of representative coronal sections) and females (bottom row) have a similar number of microglia within the hippocampus (HP), cortex (CX), and the amygdala (AMY.) At birth (Postnatal day 0), females (bottom series of representative coronal sections) have slightly more microglia than males (top series of representative coronal sections) within the CA3 region of HP and AMY, though not within the CX. As the brain develops and microglia continue to enter the brain, this sex difference reverses. By Postnatal day 4, males have significantly more microglia within the CX, all subregions of the HP, and AMY than females. Beginning around adolescence (postnatal day 30) and into adulthood (postnatal day 60) the sex difference reverses again.
At this age, microglia generally appear within all brain regions in a ramified state, represented by thin, long processes. However, at postnatal day 30 and 60, females have a significantly greater population of microglia with thicker, longer processes than males in all three regions, suggestive of a differential function between the sexes at this age. One representative light micrograph is displayed below each diagram, which schematize cell density. Scale bars (in the first column from left): dotted line = 100 μm (for representative pictures at 4X for all ages), solid line = 50 μm (for inset pictures at 20X for all ages). One schematized coronal section is equivalent to 10 sections analyzed for cell counts and morphology at all ages. 1 cell shown above at postnatal day 0 and postnatal day 4 represents approximately 10 counted cells. 1 cell shown above at postnatal day 30-60 represents approximately 200 counted cells memory impairments; however, this impairment is dependent on receiving a second inflammatory challenge (peripheral LPS) around the time of learning. LPS is a potent inducer of IL-1β, and exaggerated or prolonged expression of this cytokine can impair synaptic processes and HPdependent memories as discussed previously (Vereker et al. 2000; Barrientos et al. 2002) . Consistent with this possibility, neonatally-infected rats exhibit prolonged IL-1β responses to LPS within the brain compared to control rats, and preventing the synthesis of IL-1β completely prevents the memory impairment (Bilbo et al. 2005a ). Importantly, the same LPS challenge has no influence on memory in controls, suggesting that only an exaggerated IL-1β response like that measured in neonatally-infected rats causes memory impairments. Moreover, an infection later in development, on P30, does not lead to LPS-induced memory impairment later in life, indicating the vulnerability to glial and cognitive dysfunction is specifically a developmental effect, and not a general sensitizing event that can occur at any time (Bilbo et al. 2006 ); see (Bilbo and Schwarz 2009 ) for review. Finally, females do not exhibit the same long-term memory impairment vulnerability as males following infection on P4 (Fig. 4) , consistent with our hypothesis that females may exhibit a different sensitive period.
Early-life infection leads to enduring changes in microglial function Microglia are the primary producers of IL-1β within the brain (Streit et al. 2005) . Microglial proliferation and density begin to peak within the HP and cortex during the first postnatal week in rodents (Fig. 2) . Thus, we initially hypothesized that these regions may be particularly vulnerable to long-term changes in microglial cell number or function at this time. Consistent with this hypothesis, microglia show a marked increase in activation marker expression (CD11b) within the male neonatal HP in response to the peripheral infection (Bilbo et al. 2005a) . Notably this increase occurs with the same time course as an increase in IL-1β protein and several IL-1 pathwayspecific genes (e.g., IL-1 type 1 receptor, caspase 1) (Schwarz and Bilbo 2011) . Moreover, the increase in CD11b is sustained into adulthood, as well as exaggerated in response to a systemic adult injection with LPS in neonatally-infected compared to control rats (Bilbo et al. 2005a, 2007). However, an increase in activation marker expression could indicate an increase in cell number, or a change in their reactivity. To distinguish between these two possibilities, we performed cell counts of glia in adulthood following E. coli infection at P4. The total number of microglia, astrocytes, & neurons within the adult HP did not differ as a consequence of neonatal treatment (assessed using unbiased stereology) (Bland et al. 2010) . However, the morphology of microglia in neonatally-infected rats was very different in adulthood; cell volumes were larger with shorter, thicker processes (Bland et al. 2010 ).
More recently we have confirmed and extended this characterization of glia using flow cytometric analysis of rapidly isolated microglia from rats in each condition. To do this, rats from each neonatal treatment were injected as adults with SAL or LPS, and the HP was removed 24 h later following saline perfusion. Microglia were rapidly isolated as described in detail previously Henry et al. 2009 ). Next, isolated glia were stained for APC-conjugated CD11b. Cell size (forward light scatter) and CD11b + expression were assessed using flow cytometry (Fig. 5a ). Microglia were both larger and exhibited increased CD11b + expression on a per cell basis in neonatally-infected rats (Fig. 5b) , consistent with our previous in situ findings (Bland et al. 2010) . Finally, rapidly isolated microglia from neonatally-infected rats express more IL-1β on a per cell basis compared to controls (Bilbo et al., submitted data) . These data are schematized in Figure 5c . These collective data illustrate that changes in the function of microglia underlie the increased reactivity observed in adult neonatally-infected rats.
Taken together, neonatal infection appears to induce a life-long vulnerability to cognitive disruption by increasing microglial reactivity within the HP long-term. The mechanism(s) by which IL-1β impairs memory is currently unknown. However, LPS transiently suppresses HP brain-derived-neurotrophic-factor (BDNF) (Barrientos et al. 2004 ), a molecule critical for LTP and memory consolidation, and this decrease is again exaggerated in neonatally-infected rats, possibly falling below a critical threshold necessary for normal memory consolidation (Bilbo et al. 2008) .
Glial priming, aging, and neurodegeneration
The pattern of initial activation and enduring sensitization just described is well in accord with the concept of "glial priming" that has been described in recent years within the aging and neurodegeneration literatures. "Priming" is a term first borrowed from the tissue macrophage literature Pace et al. 1983; Martinez et al. 2008) , and has been implicated in AD, Parkinson's, and Huntington's disease {Cunningham et al. 2005 #334; Perry et al. 2010 #185; (Perry et al. 2003 )}. The characteristics of priming are not well defined, though primed glia have been characterized in situ by an activated morphology with enlarged cell bodies and short, thick processes. An Fig. 4 Early-life bacterial infection leads to LPS-induced memory impairment in adult males but not females. Male and female rat pups injected with PBS or E. coli on postnatal day 4 were tested for memory as adults using a contextual fear-conditioning paradigm. Half of the rats in each neonatal group were injected with LPS immediately after learning. (a) Freezing to the context 48 h later was significantly reduced in adult males injected with LPS after learning, but only if they had also received E. coli as neonates (from Bilbo et al. 2006 ; *p< 0.05). (b) In contrast to males, LPS had no effect on memory in females from either neonatal treatment important feature of priming is that these cells do not constitutively over-produce pro-inflammatory mediators within the brain. Rather, the pro-inflammatory response produced by primed glia to a subsequent challenge (e.g., systemic infection) is significantly exaggerated when compared to resting/quiescent glia that receive the same challenge (Perry et al. 2003) . This exaggerated response can markedly impact cognitive function and other health outcomes . Thus, it is hypothesized that primed glia adopt a prolonged sensitized state, presumably following initial activation by insult or injury Perry et al. 2010) . Note that there is also evidence that microglia become dystrophic in contrast to sensitized with age, which exhibit stripped or disembodied processes and are impaired in their normal homeostatic functions . In either case, because microglia are believed to be very longlived, glial pathology has the capacity to permanently alter neural function and behavior, perhaps over the entire lifespan.
Early-life infection alters cognitive aging
Aging is considered a glial priming event Frank et al. 2006; Godbout and Johnson 2009; Bilbo 2010; Lynch 2010) . Aged rodents exhibit increased basal glial activation marker expression (CD11b, MHC II) compared to young animals. However, aged rodents do not necessarily exhibit cognitive dysfunction when compared to young animals. In contrast, peripheral infection or inflammatory challenge in aged (but not young) rodents leads to cognitive impairments Buchanan et al. 2008; Chen et al. 2008; Godbout et al. 2008; Rosczyk et al. 2008) . These data have parallels to the clinical literature, in which systemic infection or surgery Male rats treated on P4 with PBS or live E. coli were injected systemically as adults with saline (SAL) or 25 μg/kg lipopolysaccharide (LPS), and microglia were rapidly isolated from whole HP 24 h later following cold saline perfusion to eliminate infiltrating cells as described in detail previously Henry et al. 2009 ). Isolated microglia were stained for APC-conjugated CD11b. Cell size (forward light scatter) and CD11b + expression were assessed using a FACSCanto™ II flow cytometer (Becton, Dickinson and Co.) and FlowJo™ software (Treestar, Inc.). The gating strategy and representative contour plot are shown. (b) There is a greater proportion of large, CD11b bright microglia in adult rats infected neonatally with E. coli. Mean fluorescence of CD11b + staining in gated cells was also greater on a per cell basis in rats infected neonatally with E. coli. *Overall effect of E. coli for each, p<0.01. (c) Sensitized/primed microglia in neonatally-infected rats produce more IL-1β in response to LPS in adulthood compared to controls (Bilbo et al. 2005a (Bilbo et al. , 2007 Bilbo et al., submitted data) can precipitate a sharp decline in function in presumably healthy elderly populations (Perry et al. 2007 (Perry et al. , 2010 . These data, together with our own observations, led to the prediction that early-life infection may result in less successful aging via an impact on glia. To test this possibility, rats were treated as before on P4 with PBS or E. coli, and then tested for learning and memory at 2 or 16 months of age. Notably, these memory tests were performed independent of an LPS challenge, as we hypothesized that age itself would be a "second hit", akin to LPS in young adult rats. Consistent with this idea, neonatally-infected rats exhibited memory impairments in both a fear-conditioning task and a water maze task, but only at 16 month. Thus, neonatal infection alone did not impair memory in young rats, consistent with our previous findings, yet produced a cognitive deficit with age. Moreover, neonatally-infected rats exhibited greater aginginduced increases in glial markers (CD11b and MHC II on microglia, and GFAP on astrocytes) within the hippocampus (Bilbo 2010) . Taken together, these data indicate that early-life infection leads to less successful cognitive aging, which may be due to exaggerated increases in glial reactivity.
Potential mechanisms of glial priming
Innate immune memory The mechanisms underlying longterm priming remain largely unknown. In vitro studies using enriched populations of microglia suggest that the prior experience of microglia can dictate the response to a subsequent insult, indicating an innate immune memory capacity . For instance, the treatment of pure cultures of microglia in vitro with IL-4/IL-13 vs. interferon (IFN)/LPS elicit two distinct phenotypes (based on surface antigen expression and pro-inflammatory mediator production) that are theoretically associated in vivo with pro-inflammation or repair, respectively (Gensel et al. 2009 ). These are known as "classical"/M1 vs. "alternative"/M2 phenotypes, respectively, similar to tissue macrophages (Martinez et al. 2008) . Importantly, the phenotypic class adopted may depend on prior inflammatory experience. For instance, pre-incubation of microglia with IL-4 elicits a partially neuroprotective (M2) phenotype in response to subsequent LPS, which is typically M1-inducing (Butovsky et al. 2005) . Such in vitro data are intriguing given in vivo evidence in murine models of AD of a so-called "acquired deactivation" that appears functionally mid-way between M1 and M2 phenotypes (Colton and Wilcock 2010) . What remains unknown is the duration of these phenotypic changes, and whether previously activated microglia maintain the same dynamic capacity to alter their phenotype as naïve cells (reviewed in Schwartz et al. 2006 ). In the case of AD, it appears that deactivated microglia have lost their plasticity in this regard, which contributes to pathology. Importantly, our data suggest that microglial phenotype can be set during an early sensitive period, resulting in a similar loss of plasticity that endures into adulthood, and is then exacerbated with increasing age.
Glial-neuronal interactions In vivo, microglia appear to function within an "activation continuum" that is determined by multiple intrinsic and extrinsic signals within the microenvironment (Colton and Wilcock 2009) . For instance, microglial reactivity is strongly modulated by nearby neurons and their secreted immunoregulatory factors. CD200 is a neuronal membrane protein that maintains microglia in a quiescent state via direct cell-cell contact with its receptor, CD200R (on all myeloid cells including microglia (Barclay et al. 2002) ). Similarly, fractalkine (CX3CL1) is a chemokine expressed by neurons that influences microglia via binding to its receptor, CX3CR1, on microglia (Harrison et al. 1998) . A reduction in either of these factors at the ligand or receptor level is associated with neuroinflammation (Lue et al. 2010; Lynch 2010) . Thus, the increase in glial activation with age may be driven in large part by a loss of neuronal inhibition by CD200 and fractalkine (Jurgens and Johnson 2010) .
Very little, if anything, is known about the role of neuronal factors including CD200 and fractalkine in brain development, or about the conditions necessary for acute or chronic disruption of these factors. However, any insult that alters long-term neuronal structure or function, even independent of changes in number, may have the capacity to markedly alter glial reactivity throughout the brain, and thus cognitive function, via an impact on neuronal-glial crosstalk. For instance, a model of neonatal seizures in mice induces long-term changes in dendritic complexity within the DG in adulthood (Pugh et al. 2011) . Though the authors did not explore microglial function in this study, one may hypothesize that this could impact glial reactivity due to decreased neuronal CD200 and therefore a deinhibition of glia.
Glial-T cell interactions
Microglia may be the primary antigen-presenting cells (APC) within the CNS; upon activation they upregulate the co-stimulatory molecules CD40, CD80, and CD86, which equip them for antigen presentation to T cells (Becher et al. 2006) . Indeed, T cells can and regularly do enter the CNS where they interact with microglia. Importantly, T cells are not only active within the CNS in disease; as mentioned previously, CNS-autoreactive T cells appear to be important for normal adult neurogenesis and learning in mice, and this depends on interactions with microglia (Ziv et al. 2006 ). However, a common character-istic of many neuroinflammatory disorders is a combination of lymphocyte infiltration and microglial activation. What remains less clear are the circumstances under which glia initiate disease as opposed to peripheral immune cells, such as T cells. In experimental autoimmune encephalitis (EAE), an animal model of multiple sclerosis, encephalogenic T cells migrate across the blood brain barrier and enter the parenchyma, where they are widely believed to promote disease, in part via the activation of microglia (Murphy et al. 2010) . Similarly, amyotrophic lateral sclerosis (ALS; a.k.a. Lou Gehrig's Disease) is characterized by infiltrating T cells and the progressive destruction of motoneurons, most notably in the spinal cord. In contrast to EAE, however, T cells may be playing a protective role. For instance, in studies using transgenic mice expressing an ALS-associated Cu 2+ /Zn 2+ superoxide dismutase, the SOD1 G93A mouse, T cell deficiency accelerates disease progression, whereas the passive transfer of CD4+ T cells slows deterioration and prolongs survival (Banerjee et al. 2008) .
Importantly, there is increasing evidence that microglial-T cell interactions may be key to determining disease promotion vs. protection; for instance, Th1 cytokines promote M1 microglia and Th2 or Th17/Treg cytokines promote M2 microglia in a model of ALS (Chiu et al. 2008) . It is possible that microglia may "instruct" T cell function within the brain in the opposite direction as well; if true, then long-term changes in microglial function/priming may carry consequences for the adaptive immune response as well. Virtually nothing is known about the potential role of lymphocytes in the type of fetal programming of innate immunity that we have described in this review. The thymus rapidly develops for 3-4 weeks after birth in rodents, and thymectomy during this time (and during the first postnatal week in humans) profoundly suppresses immunity throughout life (Murphy et al. 2008; Sauce et al. 2009 ). Thus, the capacity exists for an immune challenge during the perinatal period to impact thymic development or selection, potentially long-term, and therefore microglial reactivity indirectly via an impact on T cell function. This possibility certainly warrants future research, particularly as the manipulation of a peripheral lymphocyte population with the capacity to impact brain function is an attractive therapeutic target.
Conclusions
Taken together, immune factors are critical for normal brain function, but are increasingly implicated in brain pathology. The role of microglia in neurodegenerative and cognitive disorders has come under intense investigation in recent years. However, deciphering the cause of pathology, and whether microglia are bystanders vs. instigators in the midst of neuronal dysfunction and inflammation (e.g., in disorders such as AD) has proven very difficult. We propose that a consideration of the developmental history of the individual may be key to understanding functional changes in microglia and their role in brain and behavior.
Though we have focused in this review on the impact of early-life infection and a case for glial priming, we believe the important role of immune molecules in brain development has implications for a wide number of insults that activate the immune system either directly or indirectly, and thereby exert enduring effects on neural function. Increasing evidence suggests the function of some TLRs, including TLR2 and 4, extends beyond that of pathogen associated molecular pattern (PAMP) recognition (e.g., LPS) to "danger" associated molecular patterns (DAMPs) more broadly (Matzinger 2002) . DAMPs include endogenous "alarmins" that are released in response to cellular or tissue distress or damage (Bianchi 2007) . There are many putative alarmins, including IL-1α, hyaluronan, HMGB1, and heat shock proteins (see Bianchi 2007 for review). Interestingly, HMGB1 is important for TLR4-dependent changes in HP LTP and cognitive dysfunction following peripheral inflammatory challenge (Costello et al. 2011) .
Moreover, there is growing evidence that diverse environmental stimuli can trigger TLR signaling, either directly or indirectly via an alarmin pathway, including toxins such as diesel exhaust (Inoue et al. 2006a, b) , drugs of abuse such as morphine (Hutchinson et al. 2010) , and even dietary fatty acids (Schaeffler et al. 2009 ). If such factors are present during development (or in the case of fatty acids, in abnormal concentrations), they may have the capacity to program neuroimmune function long-term, similar to infection, via this common TLR mechanism. Indeed, we have recently demonstrated that TLR4 is upregulated on microglia within the newborn brains of rats as a consequence of their mothers' high fat diet, and that they exhibit exaggerated neuroinflammation to peripheral LPS as adults .
In closing, the capacity of resident CNS immune cells to recognize and respond to a wide array of endogenous and exogenous signals may have profound implications for the environmental origins of developmental programming within the immune system, and thus the brain and behavior. Importantly, the recognition that immune molecules are necessary for neural development and life-long function provides a plethora of novel targets within the immune system, and has recently (Wang et al. 2007 ) and should continue to lead to innovative and effective treatments for a wide number of neural disorders.
